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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 


PRESSURE DISTRIBUTIONS ON THREE BODIES OF REVOLUTION TO 
DETERMINE THE EFFECT OF REYNOLDS NUMBER UP TO 
AND INCLUDING THE TRANSONIC SPEED RANGE 


By John M. Swihart and Charles F. Whitcomb 
SUMMARY 


This paper presents the results of an investigation conducted in 
the Langley 16-foot transonic tunnel to determine the effects of varying 
Reynolds number on the pressure distribution on & transonic body of 
revolution at angles of attack through the transonic speed range. The 
effect of a change in sting cone angle on the pressure distributions 
and а, comparison of experimental incremental pressures with theory is 
also included. 


The models were tested through а Mach number range from 0.60 to 1.09. 


The Reynolds number range based on body length was from 9 x 10Ó to 39 x 106, 
and the cross-flow Reynolds number range based on maximum body diameter 


нав 1.5 x 102 to 4.55 x 102 for the model at 8? angle of attack. 


Àn increase in Reynolds number from 9 х 100 То 39 х 100 affected 
the longitudinal pressure distributions very slightly. These effects 
were of such a nature as to cause an increase of 0.05 in the normal- 
force coefficient of the body wben tested in the subcritical cross-flow 
Reynolds number range. This increase is in agreement with theoretical 
approximations. 


A comparison between experimental and theoretical values of the 
incremental pressure coefficient due to angle of attack indicated good 
agreement except at angles where separated flow areas existed over the 


body. 


The effect of a change in sting-cone angle from 5° to 9° on the 
pressure distribution of the 120-inch model was negligible up to a 
Mach number of 1.05. At this Mach number the effect was to cause a 
small increase in the velocity over the rear of the body. 
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INTRODUCTION 


Long slender bodies of revolution have been used for airships, 
fuselages, external stores, and more recently, for missiles. Tests of 
these bodies have been greatly accelerated because of their increased 
employment аз аегодупаш с shapes in the transonic and supersonic speed 
ranges. Some of the information available for several different bodies 
is reported in references 1 to 4. Some effects of Reynolds number on 
the pressure-distribution and force characteristics of the RM-10 missile 
at supersonic speeds are given in reference 1. Reference 2 presents the 
results of an investigation of the effects of cross-flow Reynolds number 
on the aerodynamic forces of bodies of different fineness ratio for 
various subsonic and supersonic Mach numbers. 


Most of the previous investigations of the effects of Reynolds num- 
ber on the flow over & body of revolution &t high Mach numbers have been 
made with zero pitch attitude of the model. The purpose of the present 
investigation was to determine the effects of variations in both the 
longitudinal and cross-flow Reynolds numbers on the pressure distribu- 
tions over a body of revolution at angles of attack from O? to 159 for 
а Mach number range from 0.60 to 1.09. The sting-cone angle was changed 
from 59 to 9? in the presence of one body during the investigation, and 
the effects of this change on the pressures over the rear of the body 
are also discussed. Ап additional purpose of the investigation was to 
present an experimental check of & method shown in reference 5 for the 
calculation of the incremental pressure &t any point on & slender body 
of revolution due to а change in body attitude from zero angle of attack. 
Reference | presents an experimental check of this method in the trans- 
onic Mach number range using а body tested at subcritical cross-flow 
Reynolds numbers. This paper presents a supercritical Reynolds number 
experimental check of the method. 


Three transonic bodies of revolution with identical body profiles 
(except where modified for different sting supports) were tested in the 
Langley 16-foot transonic tunnel at angles of attack from -2° to 159 
over а Mach number range from 0.60 to 1.09. 


SYMBOLS 
А maximum cross-sectional area, х2, sq ft 
C normal-force coefficient, B 
N qA 
d body diameter, ft 
+: 
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1 length, ft 
N normal force, ib 
P - Po 
Р pressure coefficient, — 
AP incremental pressure coefficient due to angle of attack 
р local static pressure, lb/sq ft 
Pg free-stream static pressure, 1b/ sq ft 
q free-stream dynamic pressure, tov? , lb/sq ft 
R Р maximum radius of model, ft 
т radius &t given station on model ; ft 
Re free-stream Reynolds number, -- based on body length 
Rec cross-flow Reynolds number, £V sin ad P» ad based on body 
diameter 
V velocity, ft/sec 
x longitudinal distance from nose, ft 
a geometric angle of attack, deg 
9 meridian angle, measured from bottom of body, deg 
u viscosity, slugs/ft-sec 
р mass density of air in free stream, slugs/ftÓ 
APPARATUS 


Langley 16-foot transonic tunnel.- A description of the Langley 


l6-foot transonic tunnel giving details of the slotted transonic test 
section is presented in reference 6. In this facility the test-section 
Mach number can be varied continuously from about 0.2 to 1.09 simply 
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by variation of drive power; no discontinuity in operation is experienced 
at sonic speed. Figure 1 is a downstream view of the test section of the 
Langley 16-foot transonic tunnel showing the 120-inch body installed. 


Support strut.- Figure 2 is a sketch of the support configuration 
used in the investigation of the 120-inch body. The main support is a 
vertical cantilever strut of circular-are section, capped with a 14-inch- 
Giameter cylindrical body. The cone-shaped sting is faired into this 
cylinder. The angle of attack of the model is varied by rotation of the 
complete strut and sting assembly about a point on the longitudinal axis 
of the body. Figure 3(a) shows the details of the long and short cones 
with included angles of 5° and 9°, respectively, and the relative posi- 
tion of the l20-inch model to the center of rotation when mounted on 
either cone. This center of rotation is 96 inches behind the nose of 
the 120-inch body for the long cone and 60 inches behind the nose for 
the short cone. 


Model dimensions.- The body profile is that of the standard fuse- 
lage of basic fineness ratio 12 used in the NACA transonic-wing research 
program. Опе model has а maximum diameter of 10 inches, 60 inches behind 
the nose. The rear of this model is faired into a 2-inch-diameter cylin- 
drical sting section which reduces the length of the actual body below 
the basic length of 120 inches for a body of this diameter and fineness 
ratio (see fig. 3(a)). Reference 7, which presents test information 
obtained from this identical body at zero pitch attitude, has designated 
the model ав а 120-inch body. Therefore, for clarity of reference, 
despite the above-mentioned sting fairing, this model is designated the 
120-inch body. The second model is the same ав the 120-inch body with 
the exception that it is cut off at 100 inches to provide for а heavier 
sting support. А sketch of this model, designated the 100-inch body, 
and its sting is shown in figure 3(b). The third model is one-third the 
size of the 100-inch body with а 33.33-inch actual or 40-inch basic 
length. Figure 3(b) shows the 33.33-inch body-sting combination and its 
relative position in the Langley 16-foot transonic tunnel compared with 
the lOO-inch body. А table of nondimensional ordinates for the basic 
body is shown in figure 3(a). The orifice locations for the 120-inch, 
the 100-inch, and 55.55-іпсіһ bodies are given in figures z(a) and 3(b), 
respectively. The basic length of the body is used to define the orifice 
location in each case. 


Model construction.- The models are all metal and were maintained 
in an aerodynamically clean and smooth condition at all times. The sur- 
face ordinates of the 120-inch and the 100-inch bodies were essentially 
the same; however, they deviated from the design ordinates as indicated 
in figure 4. The maximum deviation was 0.02 inch between 14 and 17 per- 
cent of the length behind the nose, and the deviation was less than 
0.008 inch from the specified ordinate over the rest of the body. 
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TESTS 


lest conditions.- The Mach number range covered in this investiga- 
tion was fram 0.60 to 1.09. The test data were obtained at constant 
tunnel Mach numbers as the angle of attack was varied from -2% to 15%, 
For the 120-inch body, the number of meridians &t which longitudinal 
pressure distributions over the body were obtained was effectively 
doubled by rolling the model 22.59 from 09 roll at each test condition. 


Figure 5 shows the Reynolds number of these tests. The ranges are 


9 x 106 to 11 x 106, 26 x 106 to 55 x 106, апа 51 x 106 to 59 x 106 for 
the 33.33-inch, 100-inch, and 120-inch bodies, respectively; all based 


on body lengths. The cross-flow Reynolds number ranged from 1.3 х 102 to 


4.53 x 10? with the models at 8° angle of attack. For angles of attack 
above 8°, Re, for the 33.33-inch body is in the critical range and 


below 89 Re, for the large body approaches the critical region; there- 
fore, cross-flow was investigated at only 89 angle of attack. Тһе free- 
stream relative humidity was at all times below the saturation point and 
generally varied from about 80 percent at the lower speeds to less than 
30 percent at the maximum speed. 


Instrumentation and accuracy of measurements.- The locations of the 
the pressure orifices are shown in figure 3 for the 100-inch, 120-inch, 
and 55.55-іпсһ bodies. The pressure orifices in the l20-inch body аге 
located in 5 meridians of 21 orifices each, distributed longitudinally 
ав shown. There were 4 orifice meridians on the 100-inch body and 
6 orifice meridians on the 33.33-inch body. It should be noted that the 
Ө = 75” and 105? meridians did not extend the entire length of the 
25.55-inch body because of space limitations. The pressure tubes from 
these orifices were conducted through the sting and strut, and thence 
to multiple-tube manometers. The pressure coefficients are estimated 
to be accurate to t0.005. The angles of attack as presented are esti- 
mated to be accurate to +0.19. 


Tunnel-wall corrections.- There have been no tunnel-wall corrections 
applied to the data presented in this paper. Such corrections exclusive 
of reflected disturbances at supersonic speeds are believed to be negli- 
gible within the speed range of the investigation (see ref. 7). 


RESULTS AND DISCUSSION 


Presentation of pressure distributions.- Table I gives the pressure 
coefficients on the 120-inch body for 9 meridians and 21 axial positions. 


Pressure data on the 33.33-inch body was previously presented in reference | 
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Comparisons of the pressure distributions along the 09 and 1809 meridians 
of the bodies are depicted in figure 6 for angles of attack from 09 to 15° 
and Mach numbers from 0.60 to 1.09 ав plots of pressure coefficient against 
fraction of body length. The slight discrepancies which occurred at 

x/1 = 0.17 are attributed to local surface deviations of 0.023 inch over 
the two larger bodies as shown in figure h. Tunnel boundary reflected 
disturbances also affected the distributions over the 120-inch body at the 
supersonic Mach numbers greater than 1.02 (no distributions were obtained 
over the 100-inch model in this range). These effects were observed at 
all angles of attack. А comprehensive investigation of these disturbances 
on bodies of revolution at zero angle of attack is included in reference 8. 
Reference T defines the extent of the effect of these disturbances on the 
pressure distributions over the 120-inch body at zero angle of attack in 
the Langley 16-foot transonic tunnel. Mild effects of these reflected 
interferences on the large bodies аге noted in the vicinity of x/1 = 0.25 
at а Mach number of 1.05. The reflected disturbances become stronger ав 
the Маси number is increased. At а Mach number of 1.09, the disturbances 
cause an &brupt positive increase in tbe pressure coefficients of the 
120-inch body at х/1 = 0.4. These wall-reflected interferences appear 
to have little or no effect on the pressure distribution over the smaller 
33.33-inch body in the Langley 16-foot transonic tunnel at Mach numbers 

of 1.05 and greater since the reflected disturbances pass downstream of 
the body at these tunnel velocities. 


The expected pressure-recovery discrepancies between the 25.55-inch 
and 100-inch bodies and the 120-inch body are apparent in figure 6. The 
25.55-inch and 100-inch bodies show an abrupt pressure recovery behind 
x/l = 0.75, whereas the 120-inch body shows a more gradual recovery 
farther downstream on the afterbody. 


Effect of Reynolds Number On the Body Pressure Distributions 


Longitudinal pressure distributions.- The effect of increasing the 
Reynolds number over body sections is to move the transition point from 


laminar to turbulent flow toward the nose of the body at subsonic speeds. 
This movement would increase the area of turbulent flow over the body 
surface and it would be expected that separation would be delayed to 
higher angles of attack. Such changes in the flow would be indicated 

in both the pressure distributions and force measurements obtained from 
the body. However, if a turbulent boundary layer exists over the entire 
body, no changes should be expected in the pressure distributions with 
increases in Reynolds number (for example, ref. 9). 


Comparison of the pressure coefficients at the 0° and 180° meridians 
for the bodies in figure 6 show small differences in the subsonic speed 
range. Comparisons at the other meridian stations not included show 
similar results. Similar differences are shown in the supersonic speed 
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range except in those regions where wall-reflected wave interferences 
intersect the large bodies. It is estimated that the boundary-layer 
flow over the two large bodies was almost completely turbulent since 


the Reynolds number was generally &bout 30 х 100, and reference 10 shows 


that transition occurs at a Reynolds number of about 11 x 100 оп а 
highly polished body. Reference 10 also showed no effect of Reynolds 
number at zero angle on the pressure distributions except in а region 
of adverse pressure gradient near the model base. Since very small 
differences in pressure coefficient occurred near the rearmost orifices 
of the 33.33-inch body when compared to the 100-inch body, it is esti- 
mated that the boundary-layer flow was turbulent in this region. 


Because only slight variations in the pressure distributions &long 
the body meridians were noted where comparisons were possible, it was 
believed that more significant differences might become apparent if the 
circumferential pressure coefficients were examined at stations along 
the body. 


Circumferential pressure distributions.- When & body of revolution 
is rotated to an angle of attack, the cross section of the body pre- 


sented to that component of the air stream normal to the longitudinal 
axis is a circular cylinder. It has long been known that an abrupt 
reduction in the pressure drag of cylinders occurs when the boundary 
layer changes from laminar to turbulent flow. If Re is below the 
critical values, there is laminar flow over the cylinder and separation 
of the boundary layer occurs near the maximum radius, however, if Re 
is above the critical value, turbulent flow exists and the boundary 
layer remains attached to the cylinder until near the rear stagnation 
point. Reference ll shows the critical Reynolds number range for а 


cylinder to be from 2 X 102 to h x 102. Significant changes in the 
pressure distribution around the cylinder should be evident with the 
separated laminar flow yielding lower pressure coefficients. 


Figure Y shows the variation of pressure coefficient with meridian 
angle at х/1 = 0.10 for all the bodies at 8? angle of attack and Mach 
numbers of 0.60, 0.95, 1.00, and 1.02. The data for the 33.33-inch body 
from reference | are also presented. Тһе x/l = 0.10 station was chosen 
because the local cross-flow Reynolds number for all the bodies would be 
below the critical value. There is good agreement between the pressure 
coefficients for all the bodies at most meridian angles and Mach numbers. 
Figure 8 shows the circumferential pressures for two stations near the 
maximum diameter for all bodies at 89 angle of attack and at Mach num- 
bers of 1.00 and 1.02. In this case the local cross-flow Reynolds num- 
ber is above the critical range for the large bodies and below the 
critical range for the 33.33-inch body. The pressure distributions 
at x/l -0.36 aná x/l = 0.61 for a Mach number of 1.00 show that 
the small body is developing more negative pressures over the upper 
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surface (Ө > 909). At а Mach number of 1.02 and х/1 = 0.56 it appears 
that the pressure distributions of the large bodies and the 55.55-іпсһ 
body in the Langley 8-foot transonic tunnel are being affected by slight 
boundary reflected over-expansions (see ref. 8) since the 33.33-inch body 
pressures of the present investigation аге more positive at all meridian 
angles. At the ваше Mach number but at the more rearward body location 
of x/l = 0.61, the distributions indicate no such interferences. The 
slotted-tunnel interference investigation of reference 8 made with this 
identical 33.33-inch body indicated that no local disagreement in pres- 
sure distributions should be anticipated at this body location at a 

Mach number of 1.02. 


In general, 1% has been shown that the small changes in the axial 
distribution of pressure coefficients may be significant when examined 
in the light of the circumferential distributions around the body. Ref- 
erence 3 indicated that the normal force of a body might be increased 
by an increment of cross-drag and that some differences might be expected 
between the forces of a body operated in subcritical and supercritical 
Reo. This expected difference in normal-force coefficient could be 


&ttributed to the change in cross-drag coefficient for & circular cyl- 
inder from 1.2 to about 0.3 when the critical cross-flow Reynolds number 
range was exceeded. Calculation of the normal-force coefficients for 
the 33.33-inch body and the 100-inch body by the method of reference 5 
indicates that an increment of about 0.05 should be evident. The авво- 
ciated changes in drag and pitching moment are very small. Figure 9 
shows the normal-force coefficient at 89 angle of attack for the 33.33-inch 
and 100-inch bodies at Mach numbers from 0.80 to 1.02. The values were 
obtained from integration of the pressure data, and the normal -force 
coefficients for the 33.33-inch body are from reference h. The increase 
of about 0.05 in the normal-force coefficient of the small body over the 
100-inch body which is in good agreement with the theoretical approxima- 
tions is estimated to be the result of operating in a subcritical сговв- 
flow Reynolds number range as shown by the circumferential pressure 
distributions in figure В. 


Incremental pressure coefficients due to angle of attack.- The 
gradual changes shown in the pressure coefficients even at the high sub- 
sonic and transonic Mach numbers encourage the use of a simple approach 
to the evaluation of the body-pressure distributions. Reference 5 pre- 
sents a method for estimating the theoretical value of incremental pres- 
sure coefficients due to angle of attack on an inclined slender body of 
revolution. The basic assumption made in the application of this theory 
is that the crosswise flow on a slender inclined body of revolution may 
be treated simply by considering only the flow perpendicular to the body 
longitudinal axis. The variation in incremental pressure coefficients 
with the meridian angle for the 120-inch and 33.33-inch bodies at 8° 
nominal angle of attack and three Mach numbers is shown in figure 10. The 
theoretical curve for each case is obtained by the method of reference >, 
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and the experimental values аге shown for the indicated Mach numbers. 
The agreement between experimental values and theory is similar to that 
reported in reference 4 for the 33.33-inch body alone and these data 
substantiate the statements therein that this theoretical approximation 
is valid through the transonic speed range for unseparated flow. The 
theory of reference 5 was developed for the inviscid case and does not 
apply where separation over the body exists. Separation over the upper 
rear surface of the body is indicated by a break in the pattern, at a 
meridian angle near 909, to ап incremental pressure coefficient which 
tends toward zero. This can be clearly seen at х/1 = 0.767 in figure 10. 


Effect of с e in sting-cone e.- Figure ll shows the pressure 
distribution along the 1809 meridian of the 120-inch body for the 5% and 
99 sting-cone angles for 09 angle of attack and Mach numbers of 0.60, 
0.95, 1.00, and 1.05. The change in sting-cone angle was coincident 
with а, change in tunnel axial position of the model as shown in figure 5. 
For this reason, the very small axial changes in local velocity in the 
empty tunnel must be evaluated in addition to the local velocity changes 
on the body attributable to the change in sting-cone angle. The effect 
О? the change in sting-cone angle from 59 to 99 and the coincident shift 
in tunnel axial position is very small. At the subsonic Mach numbers 
(0.60 and 0.95) the experimental data showed higher velocities over the 
rear portion of the body in the presence of the 5° cone which were fully 
explained by the change in axial position. At sonic speed the velocities 
were higher in the presence of the 9° cone which was again traced to the 
change in axial position. At a Mach number of 1.05, however, the change 
in axial position did not entirely explain the higher velocities on the 
afterbody in the presence of the 9° cone. The higher velocities in the 
presence of the 9° cone are opposite in sense to the difference expected 
from a theoretical consideration of the subsonic flow ahead of two dif- 
ferent cones. The maximum difference in pressure coefficient is only 
0.025 at a Mach number of 1.05, but it serves to emphasize that sting- 
support systems should be kept as small as possible with their maximm 
diameter far behind the model. 


CONCLUSIONS 


The investigation of three slender bodies of revolution at angles 
of attack fram -2° to 15° through a Mach number range of 0.60 to 1.09 
has led to the following conclusions: 


1. Reynolds number had а small effect on the axial pressure dis- 
tributions of these slender bodies of revolution for the range of the 
variables investigated. 
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2. The decrease in the body normal-force coefficient when increasing 
the cross-flow Reynolds number above the critical range is in agreement 
with theoretical approximations. 


5. Existing theory for calculation of incremental pressure coeffi- 
cients on а slender body of revolution operating at angle of attack 
yields results which are in good agreement with experiment except in 


areas of separated flow. 


4. Тһе effect of a change in sting-cone angle from 5° to 9° and a 
coincident change in tunnel axial position on the pressure distribution 
was negligible up to а Mach number of 1.05. 


Langley Aeronautic&l Laboratory, 
National Advisory Committee for Aeronautics, 


Langley Field, Va., August 11, 1955. 
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TABLE I 


PRESSURE COEFFICIENTS OF A 120-INCH FINENESS-RATIO-12 BODY OF 
REVOLUTION IN THE LANGLEY 16-FOOT TRANSONIC TUNNEL 
(a) M = 0.60. 


a = -2.19 a = 4.12 
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TABLE I.- Continued 


PRESSURE COEFFICIENTS OF A 120-INCH FINENESS-RATIO-12 BODY OF 
REVOLUTION IN THE LANGLEY 16-FOOT TRANSONIC TUNNEL 


(b) M = 0.80. 
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TABLE Т.- Continued 


PRESSURE COEFFICIENTS OF A 120-INCH FINENESS-RATIO-12 BODY OF 
REVOLUTION IN THE LANGLEY 16-FOOT TRANSONIC TUNNEL 


(c) M = 0.90. 


а = 4.10 
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TABLE I.- Continued 


PRESSURE COEFFICIENTS OF A 120-INCH FINENESS-RATIO-12 BODY OF 


REVOLUTION iN THE LANGLEY 16-FOOT TRANSONIC TUNNEL 


(а) M = 0.95. 


а = 2.3 а =3.1° 
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TABLE I.- Continued 


PRESSURE COEFFICIENTS OF A 120-1NCH FINENESS-RATIO-12 BODY OF 
REVOLUTION IN THE LANGLEY 16-FOOT TRANSONIC TUNNEL 


(e) М- 0.99. 
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TABLE І.- Continued 


PRESSURE COEFFICIENTS OF А 120-INCH FINENESS-RATIO-12 BODY OF 
REVOLUTION IN THE LANGLEY 16-FOOT TRANSONIC TUNNEL 


(£) M = 1.0. 


а = -2.3° ае 4,19 


о 
В 


ж 
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TABLE I.- Continued 
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TABLE I.- Continued 
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TABLE I.- Continued 
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PRESSURE COEFFICIENTS OF A 120-INCH FINENESS-RATIO-12 BODY OF 
REVOLUTION IN THE LANGLEY 16-FOOT TRANSONIC TUNNEL 
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Figure 1.- Downstream view of the test section of the Langley 16-foot 
trensonic tunnel showing the 120-inch body installed. 
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Figure 2.- Long sting configuration mounted on model support head and 
strut at angle of attack. 
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Figure 5.- Dimensions and details of models tested in Langley 16-foot 
transonic tunnel. 
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(b) 100- and 33.33-inch bodies. 


Figure 3.- Concluded. 
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Figure 4.- Measured surface deviation along the 100-inch and 120-inch 


bodies from a faired curve. Arrows denote locations of pressure 
orifices of the 120-inch body. 
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(а) Reynolds number per foot based on body length. 


Figure 5.- Variation of average Reynolds number with Mach number for 
tests in the Langley 16-foot transonic tunnel. 
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(b) Cross-flow Reynolds number per foot based 
on maximum body diameter at 80 angle of attack. 


Figure 5.- Concluded. 
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Figure 6.- Continued. 
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Figure 6.- Continued. 
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Figure 6.- Continued. 
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Figure 6.- Continued. 
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Figure 6.- Concluded. 
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Figure 7.- Circumferential pressure distributions at one body station 
(x/1 = 0.10) for four Mach numbers at 8° angle of attack. 
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Figure 8.- Circumferential pressure distributions at two body stations 
(x/1 = 0.36 and 0.61) for two Mach numbers at 8” angle of attack. 
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Figure 9.- Variation of the normal-force coefficient with Mach number 
of the 100- and 55.55-іпсһ bodies at 8° angle of attack. 
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Figure 10.- Incremental-pressure-coefficient distribution with radial 
angle at 89 angle of attack for two different bodies 
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the 180% meridian for the 5% and 9% string-cone angles with Mach number 
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